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We have fabricated electric double-layer field-effect devices to electrostatically dope our active 
materials, either £=0.015 Gai-^Mn^As or a;=3.2xl0~ 4 Gai-^Be^As. The devices are tailored for 
interrogation of electric field induced changes to the frequency dependent conductivity in the accu- 
mulation or depletions layers of the active material via infrared (IR) spectroscopy. The spectra of the 
(Ga,Be)As-based device reveal electric field induced changes to the IR conductivity consistent with 
an enhancement or reduction of the Drude response in the accumulation and depletion polarities, 
respectively. The spectroscopic features of this device are all indicative of metallic conduction within 
the GaAs host valence band (VB). For the (Ga,Mn) As-based device, the spectra show enhancement 
of the far-IR itinerant carrier response and broad mid-IR resonance upon hole accumulation, with a 
decrease of these features in the depletion polarity. These later spectral features demonstrate that 
conduction in ferromagnetic (FM) Gai-^Mn^As is distinct from genuine metallic behavior due to 
extended states in the host VB. Furthermore, these data support the notion that a Mn-induced 
impurity band plays a vital role in the electron dynamics of FM Gai-^Mn^As. We add, a sum- 
rule analysis of the spectra of our devices suggests that the Mn or Be doping does not lead to a 
substantial renormalization of the GaAs host VB. 

PACS numbers: 



The electric field-effect offers a decided advantage in 
investigations of electronic phenomena in complex mate- 
rials. Namely, the charge density may be tuned without 
adding lattice disorder, and while keeping other sample 
properties intact. In this manner, electrostatic "doping" 
offers a "clean" approach to tune insulator-to-metal tran- 
sitions (IMTs), as well as other phase transitions and 
electronic behavioiG^. In the vast majority of field-effect 
studies of complex materials, the experiments are lim- 
ited to transport data. Experiments in the infrared (IR) 
regime, however, are uniquely suited to probe the evolu- 
tion of electronic behavior in materials of interest as the 
charge density is electrostatically tuned. IR experiments 
serve as a contactless probe, sensitive to the narrow layer 
of charge accumulation or depletion formed at the in- 
terface between the active material and gate insulatoi^. 
Moreover, experiments in the IR regime are favorable 
because many characteristic energy sc ales in condensed 
matter systems fall within the IR rang 

In this work, we apply a gate-to-source voltage (V gs ) 
to produce an electric field-effect in electric double-layer 
(EDL) devices. The electric field-induced changes to the 
frequency dependent conductivity spectrum are probed 
by IR spectroscopy (see Fig. [T]). The active material in 
our EDL devices is either Gai-^Mn^As, considered to be 
a prototypical ferromagnetic (FM) semiconductor, or a 
nonmagnetic p-doped counterpart system, Gai-^Be^As. 



Both Be and Mn act as single acceptors in a GaAs host, 
however, Mn also adds a local magnetic moment. There- 
fore, Ga 1 _ 2 ,Be 2; As serves as a useful and less complicated 
material to contrast with the magnetic Gai-^Mn^As sys- 
tem. 

The advantages provided by field-effect studies are 
of extreme relevance to the physics of FM semiconduc- 
tors in general, and of Gai_ x Mn x As in particular. The 
general agreement, and part of the technological ap- 
peal of Gai-^Mn^As, is that the ferromagnetism is me- 
diated by itinerant holeiP. This fact was established 
through more t han a decade of systematic exploration 
of Gai-xMn^As^ESHIl anc f validated through transport 
studies of the field-effect in Gai-^Mn^As-based gated 
structures"^. Thus all proposed mechanisms of fer- 
romagnetism in Gai-^Mn^As are intimately tied to the 
dynamics of the charge carriers^. However, even after 
a decade of research, the details of the electroni c struc- 
ture and magnetic interactions remain in dispute ^ 2 l 16 l 17 l 
A central open issue has been, and remains, whether 
the media ting holes reside in a disordered valence band 
(VB^pSEH or in an impurity band (IB), which can be de- 
tached from the host V B or o therwise retains the d char- 
acter of the Mn dopants^ 21 ^. 

The difficulty in obtaining a comprehensive under- 
standing of the electronic structure of Gai-^Mn^As is re- 
lated to the high level of electronic disorder in the system. 
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In order to synthesize Gai-^Mn^As, low-temperature 
growth protocols are required^. A direct but unin- 
tentional result of the low temperature growth, and a 
contributing factor to disorder in the system, are high 
conce ntratio ns of compensating interstitial and antisitc 
defect^HU The presence of these compensating de- 
fects assures the carrier density p is never equal to the 
dopant density. However the exact relationship between 
the dopant concentration and p cannot be established 
because of the myriad of complicated factors involved 
in the film growth. The uncertainty in carrier density 
and effects of disorder have clouded the interpretation 
of experi ment s^^, and proven an imposing theoretical 
challeng e 120 * 29 ! ^. Therefore, the systematic, disorder free 
addition or removal of carriers provided by the electric 
field-effect is highly desirable for studies of Gai-^Mn^As. 
Moreover, the unique access to the electronic structure 
and dynamics granted by our IR probe establish IR spec- 
troscopy as an ideal experimental tool to conduct such a 
study. 

The films in the Gai-^Mn^As-based devices were 
grown using low-temperature molecular beam epitaxy 
(MBE), on (001) GaAs substrates. This manuscript re- 
ports on a Gai-^Mn^As-based device with active film 
grown to 100 nm, and a Mn doping density of x=0.015. 
The Mn doping density is inferred from reflection high 
energy electron diffraction intensity oscillation measure- 
ments of the MnAs growth rat d 32 * 33 l The doping level 
was chosen to keep p as low as possible, yet still at a 
sufficient level to ensure the film is FM at low temper- 
atures. Indeed, this (Ga,Mn)As film has a FM transi- 
tion at T(7=25 K, determined by SQUID magnetometry. 
By limiting the carrier density in this way, the impact 
of the field-effect on our observables is maximized. We 
note, our results were reproduced on a second £=0.015 
Gax^Mn^As-based device. The film of this latter di- 
vice was grown to 10 nm, under the same growth proto- 
cols as the 100 nm film. This latter device is referred to 
as Device B, and will be relevant to the intragap spec- 
tral weight comparison made later in the manuscript. 
The film in the G&i- x Be x As-based device has a Be con- 
tent of £=3.2xl0 -4 , determined by Hall-effect measure- 
ments, placing it slightly above the critical IMT con- 
centration (x c =2.7xl0 -4 ) of Gai^^Be^As^Ml. The Be- 
doped film is 980 nm thick and was also grown on a (001) 
GaAs substrate. Gai-^Be^As in this doping regime does 
not require low-temperature growth protocols. Thus the 
x=3.2xl0~ 4 Gai-^Be^As sample was grown using con- 
ventional equilibrium MBE. We note, IR spectroscopy 
data for the x=3.2xl0 -4 Gai-^Be^As film was previ- 
ously reported in RefP^ by some of the same authors as 
this work. 

In order to quantify the effect of field-induced charges 
on the accumulation or depletion layer, it is impera- 
tive to extract the optical constants of the active film 
at Vgs—Q. These optical constants are necessary for the 
modeling of the transmission data of our EDL field-effect 
devices under applied V gs discussed later. To obtain the 
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FIG. 1: Panels a and b highlight the operating principle of 
the EDL field-effect devices used in our IR experiments, as 
described in the text. Panel a shows a device in absence of 
any applied voltage, while panel b shows the device under 
applied V ga . Panels c and d show the transmission spectra, 
under applied V gs , through the £=0.015 Gai-^Mn^As and 
a;=3.2xl0 -4 Gai_ x Bea;As based devices, normalized to their 
respective transmission spectrum at V gs ~0. The data are 
cut near 300 cm -1 due to a GaAs phonon that eliminates 
transmission over the cut frequency range. The data are also 
cut where sharp features from strong vibrational modes in the 
ion-gel obscure the spectra (near 1200 cm _1 and 3200 cm -1 ). 
Only select spectra are shown for clarity. The light gray lines 
in panels c and d are the model fits to the transmission spectra 
described in the text. 



optical constants at V gs =0, we first measure the trans- 
mission spectrum of the film on GaAs substrate, nor- 
malized by the bare substrate transmission. The trans- 
mission spectrum is then fit by a Kramers-Kronig (KK) 
consistent, multi-oscillator model. The model yields the 
complex conductivity spectrum of the film (<t(0V,u;) = 
<7i(0V,u;) + i<T2(0y, w)), provided the substrate optical 
constants are known or measured separately 3 ^. The real 
(or dissipative) part of the infrared conductivity spectra, 
<7i(0V, cj), resulting from this analysis for the (Ga,Mn)As 
and (Ga,Be)As films can be seen in Figs. [2^ and b, re- 
spectively, and are discussed later in the manuscript. 

Our EDL field-effect devices utilize an "ion-gel" (mix- 
ture of ionic liquid and block copolymer) to serve 
as the gate insulator. The ionic liquid used in our 
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study is composed of l-ethyl-3-methylimidazolium (the 
cation) and bis(trifluoromethylsulphonyl)imide (the an- 
ion). The block copolymer is polystyrene-poly (ethylene 
oxide)-polystyrene (PS-PEO-PS), and serves as a way to 
gel the ionic liquid for practical use in our devices. The 
composition of the ion-gel is approximately 75% ionic 
liquid and 25% block copolymer. The operating princi- 
ple of EDL field-effect devices is that the mobile ions of 
the ionic liquid move to the device interfaces upon ap- 
plication of V gs . This forms EDLs at the interfaces (see 
Fig. [T]d) . The EDLs are effectively two capacitors in sc- 
ries, with one across the interface of the active film and 
ion-gel, and a second across that of the ion-gel and gate 
electrode. We thus define V c g = A A + A V gs , where A s 
is the gated area of the active film and A g that of the 
gate electrode, as the effective voltage drop across the 
interface of the active film and ion-gel. Advantages of 
ion-gels over conventional dielectrics include high charge 
injection density, and operation at low gate voltagea^HHl 
An additional advantage of ion-gels specific to IR studies 
is that devices can be designed such that the gate elec- 
trode is out of the optical path (see Fig. [jj, and b). If 
the gate electrode is in the optical path, an IR transpar- 
ent conductor must be used as the gate electrode. How- 
ever, in this latter case, electrostatically induced effects 
in both the active film and the transparent conductor 
will be present in the IR spectra. We note, electrostatic 
effects in the transparent conductor observed in IR spec- 
tra can exceed th ose in the active film both in top and 
back gated devices32E3. 

In order to obtain the changes to the IR conductiv- 
ity spectrum induced by application of V c g, transmis- 
sion through the device is measured before, T(0V,w), 
and after, T(V c s,u}), V gs is applied. This procedure 
was repeated multiple times for each V gs , and the 
transmission spectra were then averaged. The ratio 
T(V C B, ui)/T(0V, to) reveals the electrostatically induced 
changes to the spectrum, and is plotted in Fig. [T] for both 
types of device. It is assumed that neither the GaAs sub- 
strate nor the active film, apart from a narrow accumu- 
lation or depletion layer at the interface of the film and 
ion-gel, have any V gs dependence to their IR response. In 
the case of the ion-gel, electrostatically induced changes 
to the optical properties are confined to narrow vibra- 
tional modes, and do not show any broad effects. These 
assertions in regard to the ion-gel la yer are confirmed 
by analysis of graphene-based devices^. We therefore 
attribute the broad changes to the spectra to the forma- 
tion of a narrow accumulation or depletion layer at the 
interface of the active film and ion-gel. 

To characterize the optical constants of the accumula- 
tion or depletion layer, T(V e ff,u>)/T(QV,u)) spectra were 
fit following the differential modeling protocol of the Ref- 
Fit software package^. The differential modeling is done 
in two steps. The initial step is to build a base model. In 
our case, the base model describes the optical constants 
of the film at V gs =0. This initial process of acquiring op- 
tical constants at V gs =0 was described above. The sec- 
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FIG. 2: Panel a and b show the V e s=0 IR conductivity 
spectrum of the £=0.015 Gai-^Mn^As film and £=3.2xl0~ 4 
Gai-^Be^As film used in our devices, respectively. The two- 
dimensional differential conductivity Aa 2D '(V e s ,w) spectra at 
all Veft are shown for the (Ga,Mn)As-based device in panel c, 
and for the (Ga,Be)As-based device in panel d. The data are 
cut near 300 cm - due to GaAs opacity over the cut frequency 
range. 

ond step, after the base modeling, is to construct a differ- 
ential model, which represents the change in the optical 
constants of the accumulation or depletion layer. This 
latter model is comprised of multiple oscillators whose 
parameters are then adjusted in order to fit the change 
in the measured spectrum induced by some externally 
controlled parameter. The fits resulting from this mod- 
eling are shown as light gray lines in Figs. [TJ; and d. 
The differential model yields the differential conductiv- 
ity spectrum, Aa(V c g,uj) — (a(V e s,uj) — a(0V,uj)). This 
differential conductivity function satisfies the usual phys- 
ical requirements of cr(w), such as the KK relation. 

We note the magnitude of both Aa(V c g,uj) and 
a(V c f[,Lu) extracted from modeling are dependent on the 
thickness L of the accumulation or depletion layer used 
for the analysis. Thus, in order to model the broad 
changes observed in the T(V e g, lo) /T(0V, uj) spectra, L 
must be assumed. We avoid this ambiguity by per- 
forming our analysis in two-dimensional units, and re- 
port the two-dimensional differential conductivity spec- 
trum, Aa 2D (V c g,uj) — Aa(V c ff,Lj)L. The advantage of 
Aa 2D (V e g , lo) is that the L dependence is removed from 
the modeling, and thus Aa 2D (V c s, w) is independent of 
the actua l thickness of the accumulation or depletion 
layejlHEI] 

The Aa 2D (V e g , ui) spectra, which represent changes 
to dissipative processes in the accumulation or deple- 
tion layer, of the (Ga,Be)As-based device are shown 
in Fig. [5Ji. These data show monotonically increas- 
ing Drude-like lineforms (Drude lineform described by 
Eq. [T]) in the polarity associated with hole accumulation 
(V e s <0). In the reverse polarity (V c s >0), associated 
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with hole depiction, monotonically decreasing inverted 
Drude-like lineforms are observed for V r o ff=0.0145 V to 
0.435 V. At higher voltages, the effect appears to satu- 
rate, as the V e g—0.58 V and 0.725 V spectra are nearly 
identical to that of T4ff=0.435 V. 

The <Ji(0V,u>) spectrum of the (Ga,Be)As film 
(Fig. [2Jd) is described by a prominent Drude peak, with 
formula given by, 



The Drude lineform is characteristic of delocalized carri- 
ers in a metal. The amplitude at uj — is equal to the 
dc conductivity <7dc, and the width at half-max quanti- 
fies the scattering rate T. Thus, taking into account the 
Drude lineform of the V e g=0 spectrum, the Aaf D (V c g, ui) 
spectra can be understood as enhancing or diminishing 
the Drude response in the accumulation and depletion 
polarities respectively. The changes to the Drude re- 
sponse are extinguished by approximately 2500 cm -1 at 
all V e fi. Above 2500 cm -1 , much weaker changes to the 
spectra are observed, which are broad and featureless. As 
we show below in the sum-rule analysis of the (Ga,Be)As 
ai(0V,uj) spectrum, we conclude that the Fermi level 
(Ep) lies within the VB of the GaAs host. The con- 
clusion of Ep lying within the VB for this doping i s also 
consistent with earlier IR studies of Gai-^Be^A j 34 * 35 ^ 
With Ep established to be in the VB, we speculate that 
the changes above 2500 cm -1 may be related to excita- 
tions from the split-off bancP^or broadening of the GaAs 
band gap edge. However, these effects are not examined 
in detail in this work. 

We note that although Ep is established as residing in 
the GaAs host VB of the (Ga,Be)As film, there is no fea- 
ture observed in any of the (Ga,Be)As spectra consistent 
with transitions from the light hole (LH) to heavy hole 
(HH) bands. Earlier IR experiments reported in Refs.^ 
and ™ have observed such a feature centered near 600- 
700 cm" 1 and 1800 cm" 1 in ir=8.2xl0~ 4 and x=0.009 
Ga 1 _ 2 ,Be a: As, respectively. Based on these earlier data, 
any resonance due to LH— »HH transitions in the film re- 
ported here should be expected to be centered below 600 
cm , and weaker than the already relatively weak fea- 
ture reported for the x=8.2xl0 -4 Gai-^Be^As film of 
RefP^. Any electric field induced modifications to such 
a weak feature in this latter frequency regime, if present 
at all, may be obscured by the absorption lines of the 
ion-gel. 

We now turn to the Aaf D (V c s, us) spectra of the ac- 
cumulation or depletion layer in the (Ga,Mn)As-based 
device, shown in Fig. |2j;. We first describe only the spec- 
tra in the hole accumulation polarity. In this polarity, the 
Aaf D (V e g,uj) spectra reveal a broad mid-IR resonance, 
peaked ^1000 cm -1 , which monotonically increases in 
strength with voltage. Unfortunately, a more precise ac- 
count of the peak frequency of the mid-IR resonance is 
unavailable. This limitation on the peak frequency is 



due to absorption modes in the ion gel, prevalent in the 
raw data, which obscure the spectra (see Fig [TJ;) . The 
Aaf D (V e ff , uj) spectra also show enhancement at lower 
frequencies and in the limit of uj — >0. At these far-IR fre- 
quencies, the spectra are relatively flat, and show mono- 
tonic increase in strength with voltage. 

The cri(01/,w) spectrum of the (Ga,Mn)As film 
(Fig. [2^,) shows a broad mid-IR resonance peaked near 
2000 cm" 1 , as well as relatively flat conductivity in 
the far-IR regime. These features are consist ent w ith 
those reported in the literature for Gai-xMn^As^ 4 ^^. 
The far-IR contribution to the <ti(0V,uj) spectrum is at- 
tributed to the electromagnetic response of itinerant car- 
riers. Interpretation of th e mid-IR r esonance, however, 
remains a subject of debate^* 35 * 48 * 49 !. This latter feature 
lies in an energy range consistent with either transitions 
to an Mn-induced IB, where Ep is within the IB; or intra- 
VB transitions from the LH to HH bands, with Ep within 
the VB. 

The far-IR and mid-IR features of the V e s=0 spec- 
trum for the (Ga,Mn)As film suggest a natural interpre- 
tation of the A<j\ d (V c h , uj) spectra. That is, we inter- 
pret Aaf D (V c s,uj) of the (Ga,Mn)As accumulation layer 
as enhancing both the itinerant carrier response and the 
strength of the mid-IR resonance. Although it is diffi- 
cult to uniquely separate out these two contributions to 
Aaf D (V eS ,uj), we note the T(U cff , U))/T(0V, uj) spectra 
cannot be reproduced without both contributions present 
in the model. In the depletion polarity, we observe simi- 
lar features, however, with the lineshape "inverted" . The 
strength of these depletion effects monotonically increase 
with voltage. Thus the features in the depletion polarity 
are interpreted as reducing the itinerant carrier response 
and strength of the mid-IR resonance of the (Ga,Mn)As 
film. 

The contrasting forms of the spectral lineshapes of 
the (Ga,Be)As- and (Ga,Mn)As-based devices are con- 
sistent with detailed studies of the IMT in chemically 
doped Gai_zBe x As and Gai-^Mn^A d 35 ' 48 ' 50 !. These lat- 
ter studies show the signatures of the Mn-induced IB are 
present in the spectra of FM Gai_ x Mn x As films, and 
that the IB plays a vital role in the electrodynamics. 
Thus we attribute the broad mid-IR resonance of the 
(Ga,Mn)As-based device spectra to VB— >IB transitions. 
In contrast, the spectroscopic features of the (Ga,Be)As- 
based device data are all indicative of metallic conduction 
due to extended states within the host VB. These fea- 
tures consistent with VB conduction in the (Ga,Be)As- 
based device include the sum-rule analysis reported be- 
low. A schematic representation of the density of states 
consistent with our data is displayed in Fig. [3j 

In more common field-effect devices with oxide insulat- 
ing material, the change in carrier density induced by the 
field-effect is determined by the dielectric constant, thick- 
ness of the oxide layer, and the applied voltage. Unfortu- 
nately in our devices, complexities of the EDLs prevent 
such simple calculations of the change in hole density in- 
duced by an electric field. However, a powerful aspect of 
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FIG. 3: Schematic illustrating the density of states in 
(Ga,Be)As (left panel) and (Ga,Mn)As (right panel) accord- 
ing to our experimental interpretation. The red arrow in the 
right panel represents transitions giving rise to the mid-IR 
resonance in the (Ga,Mn)As data. For these interband tran- 
sitions, m opt is approximately equal to the VB mass, as dis- 
cussed in the text. 

IR spectroscopy is that it can serve as a contactless probe 
of the carrier density to effective mass ratio according to, 

N cS (0V) = = JL r ai ( 0V ,u)dLJ, (2) 

where N e g is the "spectral weight" , and oj c is the appro- 
priate cut-off for integration. When applied to a Drude 
peak alone, m opt is equal to the effective band mass of 
the delocalized carriers^. In the (Ga,Be)As film, the hole 
density p(0V) is known from room temperature Hall ef- 
fect measurements to be 7.1xl0 18 cm~ 3 . Therefore we 
can extract m op t of this film at V^ff^O by applying Eq. [2] 
to the ai(0V,ui) spectrum in Fig.J^. From this analysis 
we find m op t=0.42 m e for our (Ga,Be)As film at V e ff=0. 
This mass is in excellent agreement with the mass ex- 
tracted from mobility data of p-type GaAs doped with 
nonmagnetic (Zn, C, or Be) acceptors^. The experi- 
mental value of TO pt is in accord with conduction in the 
GaAs host VB, where the directionally averaged density- 
of-state masses of the HH and LH bands are m^f^=0.5 
and rriLH— 0.088, respectively^ 2 -. Applying these HH and 
LH band masses to the expression for the two-band trans- 

, , 3/2 . 3/2 w , 1/2 . 1/2 x 

port mass m = ym^ H + m^n) I \ m HH + m LH ) > g lves a 
mass of 0.38 mJE3. 

Assuming no strong voltage dependence of m opt , we 
can relate the two-dimensional change in hole density 
Ap 2D (V cS ) = (p(V eS ) - p(0V))L to the Aa 2D (V eS ,u>) 
spectra by, 

AN 2D (V , &P 2D (V CS ) 

m op t 

= — ^ / Aaj D (V cS ,uj)du;. (3) 
ne Jo 

For the (Ga,Be)As data of Fig.[2jl, we integrate the spec- 
tra according to Eq. [Slup to u; c =2500 cm -1 . This cut-off 
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FIG. 4: Panel a shows the Aaf D (V ctty Lo) for the (Ga,Mn) As- 
based device and (Ga,Be)As-based device at Via=0.55 V 
and 0.58 V, respectively. The orange and gray shaded re- 
gions indicate the area included for equivalent intra-gap spec- 
tral weight in application of Eq. [3] for the (Ga,Mn)As and 
(Ga,Be)As accumulation layers, respectfully. Panel b shows 
the change in spectral weight according to Eq. [3] at all V e s 
for the (Ga,Be)As, (Ga,Mn)As, and second (Ga,Mn)As (de- 
vice B) based devices. The choice in integration cut-off u) c 
is described in the text. Using the calibration procedure de- 
scribed in the text, the right axis is converted into the two- 
dimensional change in hole concentration Ap 2D . 



serves to isolate only the portion of A<T 2D (V c g , ui) at- 
tributed to modifications of the Drude response in the 
(Ga,Be)As-based accumulation or depletion layer. We 
plot ANeff(V e s) as a function of V e s in Fig. [Z] As 
m opt has been independently determined for this film 
as described above, the right axis of Fig. |4Jd is scaled 
to reveal Ap 2D (V c e). In the hole accumulation polarity, 
AN 2 fi(V c fi) reveals sub-linear behavior with the effect 
equal to 4.7xl0 12 cwT 2 /m e (Ap 2D =2.0x 10 12 cm' 2 ) at 
the largest voltage, Kff=-0.725 V. In the hole depletion 
polarity, AN 2 ^ (V c h) appears to saturate for V e s >0.4 V, 
as would be expected from the spectra. The largest effect 
in the hole depletion polarity is AA r o 2 f P(V r cff )=-4.9xl0 12 
cm- 2 /m e (Ap 2D =-2.1xl0 12 cm' 2 ) at V" cff =0.725 V. 

In the case of the (Ga,Mn)As data, a similar "Drude- 
only" sum-rule analysis is complicated due to the diffi- 
culty in uniquely separating the Drude component from 
the mid-IR resonance in the Aa 2D (V e s,w) spectra. De- 
tailed quantitative analysis of estimates for the " Drude 
mass" in Gai-^Mn^As can be found in Refsl^ILiS which 
in general find it to be significantly larger than that 
of Gai-^Be^As. Additional experimental probes and 
theoretical st udies also support large carrier masses in 
G ai _ x Mn x A^IIS^l. 

Another useful application of the sum- rule in Eq. [3] 
is to examine the spectra over intragap energy scales 
(rather than "Drude-only" ) . Thus, we extend the uj c 
integration cut-off through the mid-IR resonance of the 
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(Ga,Mn)As spectra, while holding it sufficiently low such 
that contributions to the spectral weight from excitations 
into the GaAs host conduction band are excluded. In 
Fig. [4k, the gray and orange shaded regions under the 
Aaf (V e s,u)) spectra indicate the total area included in 
determining AN*g(V oe ) of the F e ff=0.58 V (Ga,Be)As 
(w c =2500 cm- 1 ) and V off =0.55 V (Ga,Mn)As (w c =3800 
cm -1 ) accumulation layer spectra, respectively. The two 
shaded regions in the figure for these near equivalent volt- 
ages mark off an identical total area. In Fig.[4j), we gener- 
alize the intragap comparison of AN 2 ^ (V c g ) of our mate- 
rials. In this latter figure we show the change in intragap 
spectral weight of both devices at all V e B, with o; c =4000 
cm" 1 and 2500 cnr 1 for the (Ga,Mn)As- and (Ga,Be)As- 
based devices, respectively. The data of Fig. [4k and b 
demonstrate that in general, the AN 2 ^ (V e s) found in the 
(Ga,Mn)As accumulation or depletion layer is roughly 
equivalent to that of the (Ga,Be)As accumulation or de- 
pletion layer for a given V e g. 

Since the same ion-gel is used in both devices, the 
capacitance per unit area, and thus Ap 2D (V e g), are 
nominally similar in both (Ga,Mn)As- and (Ga,Be)As- 
based devices. We further justify this assumption by 
performing our IR experiments on a second x=0.015 
Gai_ x Mn x As-based device. We show AN 2 £(V Q s) with 
o; c =4000 cm -1 for this device, labeled Device B, in 
Fig. Hb. We find a near identical trend in AN 2 £(V eB ) 
for Device B as in the other two devices. The agreement 
of this trend between the two (Ga,Mn)As-based devices 
in particular, supports the conclusion that Ap 2D (V e g) is 
behaving nominally similar in all our devices. Moreover, 
the corresponding AN 2 ^(V c g ) per Ap 2D {V c g) suggests 
an approximate equivalence of m op t as well. 

We note, in the physical picture we have formulated 
from our data (see Fig. p3j), the value of m opt in the 
(Ga,Be)As- and (Ga,Mn)As-based devices is due to dif- 
ferent processes. In the(Ga,Be)As-based device, m opt is 
extracted from intraband (Drude) excitations within the 
VB. In contrast, m opt of the (Ga,Mn)As-based devices is 
a result of integrating over the broad mid-IR resonance 
ascribed to interband processes (and relatively weak itin- 
erant carrier response). For interband excitations, m opt 
is the reduced mass of the bands involved^. Thus when 
applying the sum-rule over the mid-IR resonance (due 
to VB— >IB transitions) of the (Ga,Mn)As data, the re- 
duced mass m opt of the heavy IB and light VB will be 
approximately equal to the VB mass. The Drude mass of 
the (Ga,Be)As data is also clearly representative of the 
VB mass in that material, thus according to the physical 
picture of Fig. [3j an identical m opt of our active materi- 
als implies an equivalence of their VB masses. The fact 
that the Drude mass of the (Ga,Be)As film is in accord 
with the VB mass of GaAs supports the conclusion that 
Mn or Be doping does not lead to a substantial renor- 
malization of the GaAs host VB. This latter result is in 



agreement with resonant tunneling spectroscopy experi- 
ments on Gai-^Mn^As layers^. 

Our results using this "clean" method of tuning the 
carrier density reveal the electrodynamics to be vastly 
different between the (Ga,Mn)As- and (Ga,Be)As-based 
devices. This difference indicates that conduction in FM 
Gai_j.Mnj.As is distinct from genuine metallic behavior 
due to extended states in the host VB. The latter be- 
havior is unmistakably exemplified by the clear enhance- 
ment or reduction of the Drude response in the accumu- 
lation or depletion layer of the (Ga,Be)As-based device. 
In contrast, the relatively weak effect of electrostatic dop- 
ing on the far-IR conductivity, and the dominance of 
the broad mid-IR feature observed in the Aai(V e s,ui) 
spectra of the (Ga,Mn)As-based device highlight the un- 
conventional nature of conduction in this FM semicon- 
ductor. Moreover, the spectroscopic features observed in 
this work are all consistent with the "IB picture" of FM 
Gai-^Mn^As. 

A growing body of experimental evidence suggests 
the IB plays a central ro le in the electrodynamics of 
Gai^Mn^A d 7 ' 35 ' 48 ' 54 ' 55 ^^!!. Due to the systematic na- 
ture of the addition or removal of carriers characteristic 
of the electric field-effect, this work provides a new level 
of detail on dynamical properties associated with the IB. 
We stress that theoretical description of the electronic 
structure and magnetism con sistent with an IB model of 
Ga^Mn.As is also in p \ ac< MmMMM5MMB. This 
picture is in conflict, however, with the p-d Zener model 
of ferromagnetism in Gai-xMn^As, where the FM in- 
teraction is mediated by holes in a weakly disordered 
yg i8 | 66 | Q n one hand, this latter model has successfully 
accounted for a number of observat ions relate d to the 
magnetic properties of Gai_ g; Mn a; A d 10 | 14 | 67 | (i - gl . On the 
other hand, there are also numerous experimental stud- 
ies of the magnetic properties in dispute wit h the VB 
p-d Zener model description of Gai-^Mn^A j 26 ' 28 ' 69 ' 70 !. 
Therefore, an alternative or competing FM mech anism 
in line with the IB picture, such as double exchang e! 11 * 69 !, 
should be thoroughly investigated and conclusively veri- 
fied. 
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